Introduction
Newborn screening has grown from the original test for phenylketonuria developed by Guthrie and Susi [1] in 1963 to a major effort supported and directed by each US state's public health program. Rare but treatable conditions that would otherwise lead to significant morbidity and mortality are successfully identified by inexpensive tests, almost all making use of drops of infant blood applied to filter paper. Up to 50 or more metabolic disorders, hypothyroidism and hemoglobinopathies have now been incorporated into dried blood spot testing of newborns in most states, with the current status of each state's program summarized in reference [2 ] .
Within the past few years, the first primary immune disorder, severe combined immunodeficiency (SCID), and related conditions with low numbers of T cells have become amenable to identification by newborn screening. SCID screening is the first addition to the nationally recommended Uniform Screening Panel, following a new evidence-based review process [3] . It is also the first newborn screening test to use DNA as the primary analyte. This review summarizes the rationale, initiation process, early results in pilot states and future challenges presented by universal screening for SCID.
Evidence for adding severe combined immunodeficiency to the panel of newborn screening tests
The US Advisory Committee on Heritable Disorders in Newborns and Children was established in part to work toward uniform, evidence-based newborn screening in what has previously been a patchwork of individual state programs [3] . The Advisory Committee solicits nominations of conditions to be added to newborn screening, commissions an independent review of evidence and gathers input from stakeholders; upon arriving at a determination, it reports to the Department of Health and Human Services (DHHS) Secretary. SCID was first nominated in 2008, and evidence was assembled and reported in 2009 and 2010, at which time it was considered strong enough to merit a formal recommendation [4 ] . Secretary of DHHS Kathleen Sibelius endorsed SCID screening in May 2010.
SCID includes more than 14 genetic disorders characterized by profound defects in both cellular immunity and specific antibody production and has been estimated to occur in one of 50 000 to one of 100 000 births. All SCID infants have absent or extremely low production of antigenically naive T cells from their thymus. The combined defects of T and B cells, with absent natural killer cells in some forms of SCID, severely compromise an infant's ability to resist infections. Thus, it has long been clinically identified as infants without HIV infection who present with thrush, Pneumocystis jiroveci pneumonia, other bacterial, fungal and viral infections and failure to thrive, which is most often due to persistent enteric infection.
The rationale for SCID newborn screening, outlined in Table 1 found even more striking differences due to higher mortality of SCID infants not recognized at birth: half of the deceased infants were either not diagnosed pre mortem or were too ill to be transferred to a tertiary center for specialized treatment. Furthermore, confirmation that more than 80% of SCID infants were the first known to be affected in their families indicated that family history taking would not be helpful in diagnosing most cases of SCID. Additional rationale for the pursuit of newborn screening came from mathematical modeling by two methods, which showed that a sensitive, specific and economical newborn screening test for SCID would be likely to be cost-effective [14, 15 ].
Another important development was the institution, beginning in 2006, of live attenuated rotavirus vaccination of infants at 6 weeks to 2 months of age. Infants affected with SCID whose diagnosis was not recognized received the vaccination and developed severe diarrheal disease due to vaccine-strain rotavirus [16, 17 ] . Although the vaccine is specifically contraindicated in immunodeficient 668 Allergy, immunology and related disorders
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The T-cell receptor excision circle test for severe combined immunodeficiency using newborn dried blood spots
A breakthrough for the actualization of population-based newborn screening for SCID was the development of a screening test that could be performed using the dried blood spot samples already collected by US state screening laboratories for routine newborn screening for other conditions. Proposed screening methods have included absolute lymphocyte count (requiring a separate liquid blood sample) [8], interleukin-7 immunoassay [10], beadbound antibody-based detection of T-cell proteins CD3, CD4 and CD5 [18] and gene resequencing arrays [19] . However, to date, the only assay with adequate sensitivity and specificity is the T-cell receptor excision circle (TREC) assay, first published in 2005 by Chan and Puck [20] . Late in maturation, 70% of thymocytes that will ultimately express ab-T-cell receptors form a circular DNA TREC from the excised TCRd gene that lies within the TCRa genetic locus [21] . The circles are stable but do not increase following cell division and, therefore, become diluted as T cells proliferate. A quantitative PCR reaction across the joint of the circular DNA provides the TREC copy number, a marker of newly formed, antigenically naïve, thymic emigrant T cells.
Normal newborns have TREC numbers at approximately 10% of their total T-cell numbers, whereas older children and adults have progressively lower ratios of TRECs to T cells, reflecting peripheral T-cell expansion [21] . Infants with SCID, sampled both at diagnosis and upon recovery of neonatal dried blood spots, were shown to have very low or undetectable TRECs (Table 2 ) [20, 22] ; even maternal T cells present in an infant with SCID do not falsely raise the TREC count to the normal range because maternal cells have very few TRECs. Thus, a normal number of TRECs is an excellent biomarker for new autologous T-cell production, provided the DNA is adequate for PCR (shown by amplification of a control, such as a segment of the b-actin gene).
Initial severe combined immunodeficiency screening programs
The TREC test was first scaled-up and adapted to a statewide newborn screening format by Baker et al.
in Wisconsin [23] . Other states, including Massachusetts, have devised their own adaptations of this assay [24] .
Each state has tailored its TREC screening according to individual program structure and requirements. The Wisconsin program, which began in 2008, was recently described [25 ] . A clinical study of TREC screening is also under way in selected hospitals on the Navajo Indian Reservation, as Navajo Native Americans are known to have a high rate of SCID due to a founder mutation in the DCLRE1C (Artemis) gene [26] . California, with over 500 000 births per year and a very diverse population, has completed 1 year of its development program of TREC screening of all newborns; its algorithm is shown in Fig. 1 An important feature of the California SCID screening program is that the liquid blood sample that follows an abnormal screening result is an integral part of the California Genetic Disease Laboratory public health program. Area service center staff work with providers and families so that blood is rapidly obtained at the newborn blood draw stations throughout the state that have been established for metabolic disease follow-up. All samples are sent to a single central laboratory for a complete blood count, differential and specified flow cytometry panel of lymphocyte subset markers, including naive (CD45RA) and memory (CD45RO) T-cell markers. All results are interpreted by two designated immunodeficiency consultants for the program. In this way, infants receive a definitive diagnosis and are referred without delay to a center of excellence for further management.
The performance of the TREC test in California has been excellent, with no missed SCID cases to our knowledge and very few DAF samples (Table 2 ). Of only 50 liquid blood samples required (one per 10 000 births), 40% proved to have true T-cell lymphopenia, indicating that TRECs are, as predicted, a very good biomarker. All infants with T-cell lymphopenia were under the care of a primary immunodeficiency expert by 1 month of age (J. Puck, personal communication). Tracking of cases by race and ethnicity has suggested a somewhat higher rate than expected of T-cell lymphopenia among Hispanics, and with the large California population it will be possible to stratify risks among different groups.
Conditions detected by newborn screening
SCID newborn screening programs have successfully identified a range of typical SCID and other conditions that would not otherwise have been identified before the onset of serious infections (Table 3 ). The first case of SCID was reported from Massachusetts after screening ]. In addition to typical SCID, SCIDrelated disorders are increasingly appreciated, as found by the early Wisconsin experience [28] . Patients with hypomorphic SCID gene defects allowing residual function may have 'leaky SCID' with later onset, or Omenn syndrome, with rash, adenopathy and oligoclonal, poorly functioning T cells with a memory surface phenotype.
In addition, severely affected patients with variant forms of SCID, such as cartilage-hair hypoplasia, could be expected to have abnormal TREC results because their T cells can be nearly absent. CHARGE syndrome, Down syndrome or DiGeorge syndrome, the latter usually with chromosome 22.11 deletion, can present with lifethreatening infections in infancy due to T-cell deficiency and have been identified by neonatal TREC screening [28,29 ,30 ]. RAC2 deficiency, previously known only as a granulocyte disorder, was diagnosed following newborn screening with low TRECs and T-cell lymphopenia [28] , as was Jacobsen syndrome associated with interstitial deletions of chromosome 11q. Siblings affected with dedicator of cytokinesis 8 (DOCK8)-deficient hyper-IgE syndrome with lymphopenia had undetectable TRECs during childhood, although newborn samples were not available [31 ] .
Secondary causes of T-cell lymphopenia, which include loss by extravasation or third spacing, lymphangiectasia or HIV infection, also predispose infants to opportunistic infections such as P. jiroveci pneumonia and, depending on the degree of lymphopenia, might be found to have low TRECs upon newborn screening.
Future directions and challenges
The range of conditions detected by newborn screening remains to be determined, and their total incidence and relative proportions in different populations are yet to be defined. It may be useful to place cases with low or absent TRECs in the following categories (Table 3) : typical SCID, defined by the Primary Immune Deficiency Treatment Consortium [32 ] as fewer than 300 autologous T cells per microliter of peripheral blood and less than 10% of normal T-cell proliferation to the mitogen phytohemagglutinin [32 ,33] ; leaky SCID, with a hypomorphic mutation in a known SCID gene and from 300-1500 autologous T cells/ml; variant SCID, with no defined mutation and from 300-1500 autologous cells/ml, with impaired responses to mitogens; multisystem syndromes with T-cell defects, such as DiGeorge syndrome; and secondary T-cell defects, such as lymphangiectasia with T-cell sequestration and loss; some of these, such as lymphopenia associated with extreme low birthweight, may resolve over time. We expect that previously unrecognized conditions will come to light with screening.
How best to achieve B-cell as well as T-cell reconstitution in SCID infants remains controversial, with opinions divided as to whether cytoreductive or ablative vs. no chemotherapy conditioning should be used, and what type of donor hematopoietic stem cells are best, among other questions [32 ,34 ] . Should SCID HCT treatment be done in a few centers of excellence or does every state need to perform this treatment locally? What are the indications for ADA enzyme replacement or gene therapy as opposed to HCT? What laboratory workup is essential for very small infants with SCID who are healthy, but can easily become anemic with repeated blood sampling? Fortunately, the Primary Immune Deficiency Treatment Consortium (PIDTC) has been funded to conduct prospective studies and, eventually, clinical treatment trials on a multicenter basis so that these and other questions can be answered [32 ,33] .
Extension of the concept of newborn screening for primary immunodeficiency would benefit patients with B-cell disorders, as well as those whose T-cell defects can be found by TREC screening. B-cell k-chain excision circles have been suggested as an analyte, and preliminary work is promising [35, 36 ] . However, the challenges of detecting differences between numbers of normal and abnormal k-deleting recombination excision circles with the small amounts of DNA recoverable from dried blood spots remain formidable.
Finally, controversies surrounding the collection, testing, storage and utilization of dried blood spots from infants by state newborn screening programs have highlighted the need for better outreach and education of the public regarding the public health benefits of newborn screening. States need to be sure that their policies are clear and consistent [37 ] , and better information needs to be transmitted to the public. Perhaps this may be accomplished by better linking of prenatal obstetric care and counseling to postnatal newborn screening, as DNA-based testing, started with TREC testing for SCID, becomes more widespread [38 ] . Raising public awareness of rare disorders, including primary immunodeficiencies, is also an important activity in support of early diagnosis through newborn screening [39] .
Conclusion
Newborn screening for SCID is being adopted by an increasing number of state public health programs following its successful initiation in Wisconsin, followed by Massachusetts, California, New York, Louisiana and Puerto Rico. Classic SCID, leaky SCID and Omenn syndrome, as well as additionally recognized conditions with T-cell lymphopenia, have been found, as well as cases with low T-cell production of unknown underlying cause. Forward screening makes possible determination of the true incidence and spectrum of SCID and related disorders for the first time. Prospective studies are needed to determine the optimal treatment protocols for very small, young infants with these disorders who have not developed infections.
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